1 Nigeria has been reported to have the highest number of AIDS-related deaths in the world. 2
INTRODUCTION 1
Thirty-seven years after the first AIDS cases were described 1,2 , HIV-1 is still a major public 2 health problem that affects approximately 36.7 (30.8-42.9) million people globally 3 . Sub-3 Saharan Africa accounts for approximately 70% of all those infections. Nigeria, the most 4 populous country in this region, has been ranked as the country with the highest number of 5 AIDS-related deaths and the second highest number of HIV-1 infected cases in the world 4,5 . 6
HIV-1 serological surveys in Nigeria were initiated in 1991, and an adult prevalence of 7 1.8% (760,000) was reported 6 . This figure gradually increased to 5.8% in 2001 (2.6 8 million), before declining to 2.9% in 2016 (3.1 million) 3,6 . Previous reports on circulating 9
HIV-1 strains in Nigeria have identified subtype G and the circulating recombinant form 10 (CRF) 02_AG as the most common 7-9 . In addition, CRF43_02G was recently shown to be 11 highly prevalent in the capital Abuja 10 . However, estimates on the contribution of each 12 strain to the Nigerian HIV-1 epidemic have varied considerably, with estimates of 13 frequency varying between 22% and 50% for subtype G, and between 19% and 60% for 14 CRF02_AG [8] [9] [10] [11] [12] [13] [14] [15] . These variations may be due to differences between geographic areas and 15 transmission groups. A clearer picture of the HIV-1 subtype/CRF distributions in Nigeria 16 is therefore warranted. In addition, it has been suggested that the genetic composition of 17 the infecting HIV-1 strain may influence disease progression rate, probability and 18 efficiency of transmission, interaction with the host, response to viral treatment and vaccine 19 development [16] [17] [18] [19] [20] [21] [22] [23] . 20 21 Advances in molecular biology techniques, databases, bioinformatics tools and expanded 22 disease surveillance programs have provided an opportunity for scientists to conduct HIV-23 1 epidemiological studies to understand the diversity, origin and transmission dynamics of 1 HIV-1 by phylodynamic approaches 24 . Applying established epidemiological models on 2 HIV-1 gene sequences in combination with data on time and location of sampling, 3 epidemic growth rate, number of effective infections, timing, origin and dispersal of 4 different HIV-1 lineages can be obtained [24] [25] [26] . 5 6
The objective of the current study was to characterize the molecular epidemiology of HIV-7 1 in Nigeria using a large dataset of pol sequences collected from 1999-2014. 8 Phylodynamic approaches were employed to determine the HIV-1 diversity and to uncover 9 the demographic history and the HIV-1 dissemination routes of the main circulating strains 10 within Nigeria. This study increase the understanding of the Nigerian HIV-1 epidemic and 11 may inform HIV-1 intervention strategies aiming at reducing the spread of HIV-1 in 12 Nigeria. 13
MATERIALS AND METHODS 1

Sequence dataset 2
We analyzed 366 previously unpublished HIV-1 pol sequences (positions in HXB2 3 K03455: 2253-3364) collected in Abuja, Nigeria from 2006-2011 together with all 4
Nigerian pol sequences from the corresponding genetic region available in the Los Alamos 5
HIV-1 sequence database (N=1076, April 2015, http://www.hiv.lanl.gov/, Table 1 ). 6
Missing information on date and location of sampling was obtained through contact with 7 relevant research centers. 8 9
Subtype determination 10
The Nigerian pol sequences were aligned with the 2010 All M group (A-K + 11 Recombinants) reference sequence dataset (http://www.hiv.lanl.gov/) using the Clustal 12 algorithm, followed by manual editing in MEGA6 27,28 . The HIV-1 subtype/CRF 13 assignment was determined with maximum-likelihood (ML) phylogenetic analysis in Garli 14 v0.98 29 , applying the General Time Reversible (GTR) substitution model to infer the ML 15 phylogeny. Branch support was estimated using the approximate likelihood ratio test with 16 the Shimodaira-Hasegawa-like procedure (aLRT-SH) as implemented in the PhyML 3.0 30 . 17
Branches with aLRT-SH support >0.90 were considered statistically supported 25 . 18
19
Recombination analysis 20
Putative unique recombinant forms (URFs) and sequences that were difficult to type were 21 analysed by Bootscan in Simplot 31 . Briefly, pol sequences were aligned with the LANL 22 2010 HIV-1 reference subtypes for G, CRF4302G and CRF02AG (parental sequences). 23
Recombination breakpoints were identified using a sliding window size of 300 bp and step 1 size of 50 bp. 2 3 In order to define the structure and distribution of the breakpoints across the alignment, we 4 plotted a line graph of the relative frequency of the breakpoints. The K-means univariate-5 clustering algorithm as implemented in the 'Ckmeans.1d.dp' R package was used to define 6 hotspots for recombination 32 . The gap statistic method implemented in the 'factoextra' R-7 package 33 was employed to estimate the groups based on similarity in breakpoint positions 8 obtained from the Simplot analysis. The recombination hotspot positions were then used 9 to identify groups of three or more URFs with one or more similar breakpoint positions. 10
Finally, for the URFs to be defined as potential new CRFs, we performed a maximum 11 likelihood phylogenetic analysis to assess the epidemiological relatedness among the 12 sequences 34 . 13 14
Cluster analysis 15
A previously described BLAST approach was used to construct a reference sequence 16 dataset for each subtype/CRF, separately 25, 35 . Briefly, we initially constructed a reference 17 set containing at least eight non-Nigerian sequences from the BLAST search of each 18 sequence belonging to the different CRF/subtype group. Redundant sequences from each 19 reference dataset were removed using an in-house Perl script and the Emboss 6.6.0.0 20 package skip redundancy 36 . Nigerian transmission clusters were defined as clusters with 21 aLRT-SH support >0.90 and ≥80% Nigerian sequences 25,37 . Clusters of two sequences 22 were defined as dyads, 3-14 sequences as networks, and >14 sequences as large clusters 38 . 23 1
Dating and Phylogeographic analysis 2
The temporal signal in each dataset were assessed by TempEst using the transition-3 transversion versus divergence plots 39 . To determine informative substitution rate priors 4 for analysis of the main transmission clusters in Nigeria, we randomly sampled 150 5 sequences for each subtype/CRF, respectively. The evolutionary rates were estimated in 6 BEAST v1.8 40 using the SRD06 model 41 with a relaxed uncorrelated lognormal clock 7 model 42, 43 . Markov chain Monte Carlo (MCMC) simulations were run for 30×10 7 chain 8 steps, subsampling parameters every 1000 steps. Convergence was assessed in Tracer.v.1.6 9 (Effective Sample Sizes (ESS) ≥100) 44 . Estimated subtype/CRF-specific evolutionary rates 10 were then used as priors in the subsequent analyses. 11
12
We used a Bayesian discrete phylogeographic approachwith a MCMC length of 300 13 million steps in BEAST v1.8, sampling every 30,000 th step, to reconstruct the spatial 14 dynamics of HIV-1 for the large clusters identified 40, 45 . BEAGLE was used to improve run 15 time of likelihood calculations, and Tracer v1.6 was used to assess convergence of the runs 16 (ESS ≥100) 44, 46, 47 . The demographic history of the viral population, past growth rates, and 17 effective population sizes were inferred using the Bayesian Skygrid model 48 . Priors for the 18 TreeModel Root Height were estimated using the Bayesian Skyline model 49 . If applicable, 19 detailed growth rates were estimated using the exponential growth rate model. procedure 24, 49, 50 . A robust counting approach as implemented in BEAST was used to estimate the forward and reverse viral movement events between locations along the branches of the posterior tree distributions 51 . Well-supported movements were summarized using SPREAD v1.0.7 based on a Bayes factor cut-off >3 52-54 . The percentage of viral movements was summarized using R 55 .
All files and scripts are available from the authors upon request.
Statistics
Linear by linear association test (LBL) was used to analyze trends over time, using IBM SPSS V22.0 Armonk, NY: IBM Corporation.
Ethics
Approvals were obtained from the local and national institutional review boards affiliated to the treatment sites and the international collaborating sites including the University of Maryland, Baltimore, Harvard University, University of Amsterdam and US center for diseases control.
RESULTS 1 2 CRF02_AG, CRF43_02G and subtype G were the major circulating strains in Nigeria 3
We analyzed 1442 HIV-1 pol sequences collected from four geopolitical zones in Nigeria 4 between 1999 and 2013 ( Table 1) . The phylogenetic analysis showed that the CRF02_AG 5 was the most common strain (44% of the analyzed sequences), followed by CRF43_02G 6 (16%), subtype G (8%) and CRF06_cpx (4%). A large proportion of the sequences (23%) 7 were unique recombinant forms (URFs), whereas the remaining sequences were minor 8 variants (each variant accounting for <2%). 9 10 Most sequences were from Abuja (697 sequences, 48%), followed by Lagos (346 11 sequences, 23%) and Jos (216 sequences, 15%). The distribution of different 12 subtypes/CRFs varied within these regions/states with fewer CRF02_AG infections 13 following a North East direction from Lagos (Figure 1 ). Analysis of trends over time 14
showed an overall decrease in the proportion of CRF02_AG infections in Nigeria (from 15 55% in 2006 to 38% in 2013, p=0.015, LBL, Figure 2 ). Moreover, the analysis also showed 16 an increase in the proportion of unique recombinant forms (URFs) from 16% to 32%, 2005-17 2009 (p=0.015, LBL). 18 19 Four potential recombination hotspots in the pol region 20 A detailed recombination analysis was performed on 210 of the 310 sequences classified 21 as URFs. These sequences were initially selected from the maximum likelihood 22 phylogenetic trees if they branched off close to the root between two and had long branches. 23 There were 655 breakpoint positions recorded among the 210 sequences, with some 1 sequences having more than one breakpoint. These positions were plotted as a frequency 2 plot of breakpoints along the alignment to identify hotspots for recombination 3 (Supplementary Figure 1 We identified seven groups of URFs with 3-10 sequences with similar breakpoint positions 17 (Supplementary Figure 6 ) and that were not epidemiologically linked. 18
19
Cluster analysis 20
To determine transmission clusters of the major circulating strains within Nigeria, we 21 analyzed the three dominating forms CRF02_AG, CRF43_02G, and subtype G, 22
respectively. In total, 206 subtype G sequences were analyzed (119 Nigerian and 87 non-23 Nigerian). The phylogenetic analysis showed four dyads, one network, and one large 1 Nigerian subtype G cluster (consisting of 81 Nigerian and 11 non-Nigerian sequences, 2 Table 2 and Supplementary Figure 3 ). Analyses of the 1161 CRF02_AG sequences (636 3 Nigerian and 555 non-Nigerian, Supplementary Figure 4 ) resulted in 12 dyads, 12 networks 4 and six clusters (Table 2) . Finally, we analyzed 295 CRF43_02G sequences (236 Nigerian 5 and 59 non-Nigerian, Supplementary Figure 5 ) and all the Nigerian sequences clustered 6 monophyletically (SH-aLRT=0.99). The majority of the reference sequences obtained by 7 the BLAST approach did not cluster within the CRF43_02G cluster, suggesting that 8 CRF43_02G mainly circulates in Nigeria. 9 10
Dating the origin of five main Nigerian transmission clusters 11
To further dissect the Nigerian HIV-1 epidemic, we focused on the identified large 12 Nigerian clusters; one subtype G, three CRF02_AG and one CRF43_02G clusters. 13
Analysis of the temporal signal showed that all clusters had a correlation coefficient above 14 1990s with an increase to 10,000 effective infections, followed by a marginal decrease with 18 minor fluctuations from the mid-1990s ( Figure 4 ). The median growth rate was 30% per 19
year (95% HPD: 18%-42%). The three clusters representing the CRF02_AG epidemic 20 displayed a similar pattern with a slow increase in growth rate from the 1980s to 2000s. 21
The median CRF02_AG growth rates were estimated to 22% per year (95% HPD: 13%-22 32%) for cluster 1, 18% per year (95% HPD: 10%-26%) for cluster 2, and 24% (95% HPD: 23 11%-38%) for cluster 3. Finally, the CRF43_02G cluster also showed an increase in 1 effective HIV-1 infections from 1980 to 2000 (from 100 to 10,000 effective HIV-1 2 infections), followed by a relatively sharp decrease from mid-2000 and forward (Figure 4 ). 3
The median growth rate was 30% per year (95% HPD: 18%-42%). 4 5
Phylogeographic dispersal of HIV-1 in five main Nigerian transmission clusters 6
Next, we sought to investigate the spatio-temporal process of the HIV-1 spread in Nigeria 7 using symmetric and asymmetric continuous time markov chain (CTMC) phylogeographic 8 models with the BSSVS procedure in BEAST. The two models gave similar estimations. 9
Results from the asymmetric analysis for subtype G showed a high statistical support for Since the dataset contained unbalanced distribution of samples in terms of location, we 19 conducted a control analysis to assess the robustness of our results to over-represenations 20 of samples from particular regions in Nigeria (Table 1) . We selected samples based on 21 population size and HIV-1 prevalence and run the CTMC analysis on the subsample. This 22 analysis indicated that the most probable root state for all the strains where outside Nigeria. 23 1
Rates of viral lineage migration 2
The rates of viral lineage migration within Nigeria were estimated using a robust counting 3 approach to infer the history of viral movements and epidemiological links between 4 different locations and the locations that contributed most to the dispersal of HIV-1 5 subtypes within Nigeria. For subtype G, HIV-1 dispersal from Abuja was estimated at 42% 6 (95% HPD: 35-48%) and the highest viral migrations from Abuja were to Jos (17%, 95% 7 HPD: 12-22%), outside Nigeria (10%, 95% HPD: 8-13%), and Lagos (7%, 95% HPD: 4-8 10%). Similar results were found for the CRF02_AG clusters, except for slightly higher 9 migration rates from Abuja to Lagos for cluster 1 (30%, 95% HPD: 25-34%, Figure 5 ). 10
The CRF02_AG dispersal from Abuja was estimated to 61%, 52% and 21% from cluster 11 1, 2 and 3, respectively. 12
DISCUSSION 1
In this study, we aimed to provide a better understanding of the history and spread of the 2 HIV-1 subtypes/CRFs circulating in Nigeria. We applied state of the art phylogenetic 3 approaches on a large set of HIV-1 sequences from individuals of the five most populated 4 geopolitical zones in Nigeria to characterize the Nigerian HIV-1 epidemic and to obtain 5 new insights about its origin and disseminations patterns. In line with previous studies, we 6 identified CRF02_AG, CRF43_02G and subtype G as the most prevalent strains (previous 7 estimates ranging from 19-60% for CRF02_AG 8,9,11-13 and 22-50% for subtype G 9-11,14,15 ). 8
The prevalence of CRF43_02G has only been reported in one previous study from Abuja 9 (estimated to 19%) 10 . These large variations and discrepancies are likely explained by 10 analysis of local geographic regions, and that different subtyping tools differ in accuracy 11 in assigning the correct subtype/CRF (CRFs are often particularly challenging) 59 . It could 12 also be the result of a sampling not reflecting the real prevalence regions and/or over 13 periods. 14
15
For both subtype G and CRF43_02G, we found one well-supported monophyletic clade, 16 respectively. Each clusters harbored the vast majority of the Nigerian sequences from those 17 strains suggesting introductions by a single strain or a limited number of strains that grew 18 out to dominate the epidemic. In contrast, three large Nigerian clusters were found for the 19 CRF02_AG strain indicating multiple introductions that grew out to separate sub-20 epidemics. 21
22
We observed one large transmission cluster with 68% of all Nigerian subtype G sequences 1 and a coalescent estimate on the time of emergence at 1979 (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) . This estimate is 2 consistent with that subtype G cluster (GWAII) described by Delatorre et al. in 2014 and it  3 is approximately six years before the first AIDS cases was identified Nigeria 60 . This 4 indicates that HIV-1 had spread in Nigeria already before the first AIDS case was identified 5 in the country. The three independent transmission clusters for CRF02_AG that originated 6 from within Nigeria had coalescent estimates on the time of emergence from 1960-1980. 7 Our analysis indicated that the one of the CRF02_AG cluster had an earlier origin than the 8 estimated tMRCA for subtype G (i.e. the putative parental strain). This supports a previous 9 study that CRF02_AG is in fact the parental strain of subtype G 61 . Interestingly, the 10 CRF43_02G was first fully described and isolated in Saudi Arabia in 2008 62 . Our analysis 11 indicated that it emerged in Abuja already in the early 1980's. In addition, the majority of 12 the CRF43_02G strains in Genbank was of Nigerian origin. Considering the large 13 prevalence of both the putative parental strains CRF02_AG and subtype G, it is therefore 14 plausible that CRF43_02G first emerged in Nigeria. The molecular clock estimates on the 15 date of introduction, from the control analysis accounting for the sampling bias, 16 corresponded well with all the five clusters. This implies that the sampling location had 17 limited effect on these estimations. 18
19
The demographic analysis indicated an increase in number of effective infections 1970-20 1995 in all five clusters. This is in line with a rapid population growth during the same 21 period in Nigeria (from 56 to 108 million people, www.worldometers.info/world-22 population/nigeria-population). Moreover, this increase was followed by a decline in 23 number of effective infections which seem to coincide with when free ART was introduced 1 in 2006 6 , and when Nigeria registered a sharp decrease in HIV-1 prevalence (from 2 approximately 6% to 3%) 3,6 . However, despite this decrease in HIV-1 prevalence, our 3 analysis indicated a relatively high number of co-circulating strains. Our analysis also 4 indicated that urban areas like Abuja and Lagos might represent major hubs of HIV-1 5 transmissions. 
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